Abstract. By means of superplastic tensile test above the Ac 1 temperature (γ→α transformation temperature), superplastic deformation activation energy of ultrafine-grained commercial die steel CrWMn is investigated on the basis of the Arrhenius theory equation,
Introduction
The superplasticity is a good property of steels and superplastic working is an advanced processing technique for steels. Many researches showed that [1] [2] [3] , the superplasticity of steels can be found above the critical temperature. Based on the superplasticity of steels above the critical temperature several superplastic working can be accomplished, such as superplastic forming, superplastic thermo-mechanical treatment, superplastic boronizing, superplastic welding and so on [4] [5] [6] . The accomplishment of the superpiastic working is determined by the superplastic deformation of above the critical temperature. The superplastic deformation of steels is a thermal activation process and the research on the activation energy of superplastic deformation is very useful for analyzing the deformation. In present work, based on the study of superplasticity of commercial die steel above the Ac 1 temperature γ→α transformation temperature , the activation energy of superplastic deformation above the Ac 1 temperature was determined by superplastic tensile test and the superplastic deformation mechanisms of the steel was analyzed by using activation energy.
Experimental
Materials and processing. A commercial die steel CrWMn was studied in the tests, of which the nominal chemical composition and critical temperature are listed in Table 1 . Test columnar samples (Φ5×25mm) were prepared by superpiastic pretreatment. In order to obtain an ultrafine grained microstructure for superplastic deformation, the specimens were heated at 840-860°C in salt bath and quenched in oil three times, and finally tempered at180°C for two hours. The resultant grain sizes were about 3-5µm.
For CrWMn steel by superplastic pretreatment above critical temperature in dual phase region, the best temperature of superplastic deformation was 780-810°C, the strain rate was0.7-5.2×10 -4 s -1 , the elongation at break was 290% [7] . Superplastic tension test was done in the converted WJ-10A mechanical material test machine and the speed could be regulated in 0.05-2.4mm/min. Testing principle of the activation energy. The relationship of the flow stress σ and the strain rate ε& for the superplastic deformation could be shown as Backofen equation
Where K is the constant of material and m is sensitivity index of strain rate.
Because the superplastic deformation of steels is gone at the high temperature and the deformation could be identified as a thermo-activation process. The relationship of the strain rate and the temperature could be shown as Arrhenius equation [8] :
Where A is the constant of material, R is the gas constant, T is absolute temperature and Q is the activation energy.
The definition and computation expression of the Q sp, the activation energy of superplastic deformation, can be made from the Equation (3).
In the derivation of Equation (4) the m was assumed as a constant, which was not changed with the temperature during the superplastic deformation. The activation energy of superplastic deformation could be tested by Equation (4).
Results and Discussion
Superplastic flow curve and m value. The curve, which showed the relationship of the flow stress σ and the strain rate ε& , was ε σ & log log − curve when the specimens were superplastic deformation. The curve was also called superplastic flow curve. From Equation (2) , above the A c1 temperature, which was within the limits of the temperature of superplastic deformation, the ε σ & log log − curve of the steel CrWMn was tested when it was superplastic deformation by the changed strain rate method. Figure 1 shows these curves. ), is an important parameter which shows the superplasticity and the ability of anti-necking. As a rule the material has superplasticity when the m≥0.3.The formation of local necking and the rise of strain rate were inevitable when the materials were superplastic deforming.At the same time the necking would expand and at last the sample would break because of plastic instability if the value of m was small together with flow stress was insensitive for the strain rate. In general, the maximum value of m was coincided with the fracture elongation of the specimens. From Equation (2), if the value of m was bigger, the necking was not going on expanding, otherwise the bigger stress would be used. The development of necking wouldn't be promoted by this stress, so it limited the development of necking. It is possible that the superplastic deformation can move to the other part of sample and the uniform deform came true. The phenomenon had been verified in this test. Activation energy for superplastic flow. Comparing the Q sp of the steel with the self-diffusion activation energy of γ-Fe, the Q sp of CrWMn is near to the grain boundary diffusion activation energy of γ-Fe [7] . It is generally recognized that the activation energy for superplastic flow involves that all of the thermo-activation processes such as self diffusion, solute diffusion, grain boundary diffusion, stress-induced diffusion, volume diffusion and so on. During the superplastic deformation the activation energy showed both the diffusion process and non-diffusion process. The deformation process was mainly some diffusion process if the activation energy for deformation was near to some activation energy of some diffusion process because that deformation process included in several thermo-activation processes. The value of Q sp which was tested is a little far from the boundary diffusion activation energy of γ-Fe. It is possible that the microstructure of the steel CrWMn is composed of double phase (γ+cementite) in superplastic deformation and self-diffusion, solute diffusion, vacancy diffusion and dislocation motion are given play to the superplastic deformation process at the same time. Therefore, the present investigation has suggested that the deformation of CrWMn is mainly the grain boundary diffusion process in γ+cementite dual phase region.
Mechanism for superplastic deformation. In order to observe the deformed microstructure of the steel, tensile sample was cut along the superplastic flowing direction and TEM samples were prepared. The micrograph was shown in Fig.3 . It can be seen that the grain grows up slightly, its aspect ratio changes a little and the grain shape remains equiaxed. The some angular grains become into smooth grains. As the grain shape remains equiaxed underding large plastic deformation and there is no dislocation jams, it can be deduced that grain boundary sliding is the dominating deformation mechanism and its accommodating mechanism is perhaps the dislocation moving controlling mechanism [10] [11] [12] [13] . With the sliding and rotation of matrix grains, some separated undissolved carbides have chance to approach each other and grow up, on the other hand there carbides hinder the growth of matrix grains. Therefore the double phase microstructure is favorable for the superplastic deformation of steel above the critical temperature.
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Summary
The CrWMn steel, whose microstructure had been ultra-refined, exhibited the superplasticity in dual phase (γ+cementite) region above the A c1 temperature. The sensitivity index of superplastic flow stress to strain rate was 0.37. The activation energy for superplastic deformation of steel CrWMn above Ac 1 was 187KJ/mol, which approached to the grain boundary diffusion activation energy of γ-Fe. It is suggested that the superplastic deformation mechanism of the CrWMn steel is mainly the grain boundary diffusion process in γ+cementite dual phase region. 
